Abstract-This paper presents the design and experimental implementation of an L, adaptive control on a tethered under water vehicle. This controller, well known for its fast adaptation and its robusntess, is proposed to be applied for the first time in the field of underwater vehicles control. This paper summarizes the implementation and experimental results obtained on a modified version of the AC-ROV underwater vehicle. Various experimental scenarios are presented to illustrate the ability of the L, adaptive law not only to successfully control pitch and depth (even with strong modeling uncertainties), but also to be efficient towards disturbances like waves or buoyancy changes.
I. INTRODUCTION
Underwater vehicles have gained an increased interest in the last decades given the multiple of operations they can perform in various fields. We are particularly interested in the category of tethered vehicles also called Remotely Operated
Vehicles (ROV). Different challenges in autonomous control
of such systems arise from the inherent high nonlinearities and time varying behavior of the vehicle's dynamics sub jected to different hydrodynamic effects and disturbances.
To solve this problem, various control approaches to solve this control problem can be found in the litterature. ' Hoo control was proposed and tested in simulation [1] . Various chattering free sliding mode schemes have been proposed for such systems to cope with big uncertainties and were experimentally validated [2] . Intelligent control methods applying reinforcement learning or artifical intelligence can be found in [3] [4] and [5] where simulation results are provided and an experimental study was reported in [6] .
Adaptive control schemes are seen to be very commun in such applications [7] [8] [9] . The use of an adaptive controller is motivated in particular by the presence of uncertainties in the model parameters and their likelihood to change. The salinity changes the buoyancy parameter; the addition of sensors or the manipulation of objects changes the mass parameters and the damping parameters are greatly affected by the encounter of algae or moving obstacles. For similar reasons, adaptive controllers have been used for system identification and are highly appreciated within the aircaft control community. However, despite their success in many applications, they hold some drawbacks [10] . For instance, in [11] an extensive study has been made to show that a wide range of such controllers has been used with restrictive assumptions and concluded that adaptive controllers exhibit undesirable frequency characteristics. They also rely on 'D. Maalouf [20] .
The main contribution of this paper is the experimental demonstration of a new application of this controller which concerns depth and pitch control of an underwater vehicle.
To the best knowledge of the authors, this method has never
been applied yet to control of underwater vehicles. This paper is organized as follows: in the second section we present the dynamic modeling of the system, the third section shows the theoretical aspect of this controller and its novel design for implementation on underwater vehicles. The fourth section presents the prototype and the experimental setup and in the fifth section we analyze the experimental results. The paper ends with some concluding remarks.
II. DYNAMIC MODELING OF THE SYSTEM
By considering the inertial generalized forces, the hydrody namic effects, the gravity, and buoyancy contributions as well as the effects of the actuators (thrusters), the dynamic model of an underwater vehicle in matrix form, using the SNAME notation and the representation proposed by Fossen [21] is written as:
where v = [u,v,w,p,q,rf,7] = [x,y,z,¢,�,l/rf are vectors of velocities (in the body-fixed frame) and position/Euler angles (in the earth-fixed frame) respectively (cf. Fig. 1 ). J (7] ) E lR,6x6 is the Jacobian transformation matrix mapping the body-fixed frame to the earth-fixed one. The model matrices M, C, and D denote inertia (including added mass), Coriolis-centripetal (including added mass), and damping respectively, while g is a vector of gravitational/buoyancy forces. T is the vector of control inputs and Wd the vector of external disturbances. In the case of our study, the vehicle used has a slow dynamics, and hence it will be moving at velocities low enough to make the Coriolis terms negligible (C(v) � 0). 
Equation (2) can therefore be expressed in the earth frame as:
In this paper, we are studying the dynamics of the vehicle in its translational motion along the Z axis and its orientation with respect to the pitch angle. Therefore, we will get M* (7] ), D* (7] ) E lR,2x2 and g*, T*, w� E lR,2. T* is the control input expressed in the earth frame in Newton and is given by:
where u E lR,2 is the vector of control inputs expressed in volts (as depicted on Fig. 1 , we have two vertical thrusters acting simultaneously on the two degrees of freedom of interest),
K is the force coefficient in Newton. Vole'. T E lR,2x2 is the actuators' configuration matrix, taking into account the position and orientation of the thrusters.
III. PROBLEM FORMULATION AND PROPOSED SOLUTION
Our objective is to perform depth and pitch control of a highly nonlinear system with unknown and varying model parameters in presence of disturbances. For this purpose, a robust adaptive controller will be proposed. In this section, the state space representation extracted from the dynamical model (4) will be used for the design of the L, adaptive controller implemented for the first time on an underwater vehicle.
A. Problem Formulation
We consider the following class of systems [14]:
where x, E lR,n and X2 E lR,n are the states of the system forming the complete state vector:
is a known n x n matrix and B2 E lR,nxm is a constant full rank matrix. u(t) E lR,m is the control input vector (m ::; n) and ()) E lR,mx lll is the uncertainty on the input gain. C E lR,mxn is a known full rank constant matrix, y E lR,m is the measured output and h is an unknown nonlinear function. In a more compact matrix form, the system (6) becomes: Newton and ()) is the uncertainty on the input gain. In this case ()) E lR,2x2 is considered to be a diagonal matrix.
The output vector is given by: (8) . The unknown linear function h has been decomposed into a parameter state dependent part e(t)ll x(t)II.L oo ' being Ilx(t)II.L oo the infinity norm of the state x at time t, and a nonlinear part (7" , which accounts for the external disturbances. The ..[1 controller's architecture is delimited with dashed lines in Fig. 2 . It is composed of 3 main stages. The prediction stage (block 2), where the states of the system as well as the outputs are calculated at every iteration using the parameters' estimation. The adaptation stage (block 3) uses the error x between the measured states and the estimated ones to adapt the parameters using a projection method in order to ensure their boundedness. 
IV. EXPERIMENTAL SETUP

A. Modified AC-ROV experimental platform
The AC-ROV submarine (cf. Fig. 1 ) is an underactuated vehicle, the propulsion system of which consists of six thrusters driven by DC motors and acting on five degrees of freedom. Motors 1, 2, 3 and 4 control simultaneously translations along x and y axes and rotation around the z axis (yaw). Motors 5 and 6 control depth and pitch. Roll is left uncontrolled but remains naturally stable thanks to the positive metacentric distance. The robot weighs 3kg and has a rectangular shape with 203mm height, 152mm length and 146mm width. For measurements purposes, our prototype is equipped with various sensors. A 6-DOF IMU (Inertial Measurement Unit) measures roll, pitch, and yaw along with their respective velocities and a pressure sensor allows depth measurement. To pre-process and transmit the sensors' data to the PC, a microcontroller board is used. Once the control law has been computed by the control PC, the control inputs are transmitted to the power stage. Then, 6 PWM modulated signals are sent to the motors of the AC-ROV through the 40-meter long tether. Fig. 3 shows a schematic view summarizing the various components of the vehicle's hardware and their interactions.
B. Conditions of the Experiments
The experiments have been performed in a 5m3 pool. The tether has been sufficiently unrolled to avoid inducing addi tional drag into the dynamics of the vehicle. The feedback gains have been tuned for the nominal conditions and kept unchanged for the other experiments despite some eventual changes in the model or its environment in order to evaluate the robustness of the proposed controller. The noisy data of depth measurement are filtered using a second order Butterworth filter. The information concerning the velocity in the z direction is estimated by an alpha-beta observer. Fig.  4 gives an overview of the whole used experimental test-bed. 
V. REAL TrME EXPERrMENTs
A. Experimental scenarios
The experiments presented in this section result from the application of the proposed controller detailed in section 3, to the underwater vehicle testbed described in section 4. We The obtained results for this scenario are depicted in Fig. 7 . 
VI. CONCLUSION AND FUTURE WORK
This paper deals with the problem of depth and pitch control of an underwater vehicle (a multivariable system with cou pled high nonlinear dynamics). The proposed solution lies in the design and implementation of an LI adaptive controller, novel in the field of underwater robotics. This controller was tested in nominal case and in other scenarios to evaluate its robustness towards parameters' uncertainties as well as its capability of rejection of external disturbances. The LI adaptive controller was observed to ensure a smooth con vergence to the desired trajectory in the two studied degrees of freedom and compensate for the external disturbances as well as the change in buoyancy. Our future work will include the control of the remaning degrees of freedom of the robot. 
